Introduction
To detect the pathologic shape of the spine it is necessary to know the age, gender, culture, and possibly sport dependent characteristics of the normal spine. The measurement of the "healthy population" of a certain age needs to be repeated on a regular basis (up-graded). The most accurate methods available for such a study are based on radiographic measurement (Boulay et al., 2006; Keller, Colloca, Harrison, Harrison, & Janik, 2005; Legaye, Duval-Beaupère, Hecquet, & Marty, 1998; Mac-Thiong, Berthonnaud, Dimar, Betz, & Labelle, 2004; Vaz, Roussouly, Berthonnaud, & Dimnet, 2002; Vialle et al., 2005) . The limitations of the above mentioned studies are: 1) the the three-dimensional coordinates of points on the skin surface by means of an electromechanical position sensor (Krejčí, Gallo, Salinger, & Štěpaník, 2012) .
The shape of the spine as well as the criteria for its evaluation can change during the time for instance as a response to changing habits in society or availabity of the new therapeutic or diagnostic methods. Therefore, it is necessary from time to time re-define data characterizing normal shape of the spine in order to enable the physicians to understand the variability in observed spine. The objective of this study was to determine the spinal shape in a healthy young population of Caucasian origin and with Central European habits.
Methods Participants

From September 28
th 2009 to May 6 th 2011 we gradually measured the spinal shape in 1,020 volunteers (440 men, 580 women). The group included 643 students (328 men, 315 women) of the Faculty of Physical Culture and 377 students (112 men, 265 women) of the Faculty of Medicine and Dentistry, Palacký University Olomouc. All students attended a full-time study program. Inclusion criteria were as follows -a consent with the measurement, age between 18 and 30, no known significant spinal problems and scoliosis up to Cobb's angle 10°. Statistics of age, weight and height are presented in Table 1 . A total of 19 volunteers were excluded from the study. The reasons were as follows: 1) weight over 110 kg (4 subjects), as the spinous processes could be palpated only with difficulty; 2) medical history of Scheuermann's disease (3 subjects), other types of hyperkyphosis (4 subjects), hyperlordosis (2 subjects), and scoliosis exceeding Cobb's angle 10° (6 subjects). The scoliotic patients underwent the DTP-3 examination but these results were not processed in this study. For information purpose the values of lateral deviation were 14.5, 14.9, 18.8, 21.2, 21.4, and 31.3 degrees.
Procedures
This study was approved by the Institutional Research Ethics Committee. All of the subjects participating in the study were volunteers and had given their written informed consent. Measurement of spinal shape was done using the DTP-3 system (Palacký University Olomouc, Olomouc, Czech Republic). This method enabled non-radiographic contact-type assessment of spinal shape in the sagittal and frontal planes based on determining the three-dimensional coordinates of points on the skin surface by means of an electromechanical position sensor. Technical accuracy of the sensor expressed as standard error was 0.5 mm (Krejčí, Gallo, Salinger, & Štěpaník, 2012) . In order to increase Note. Min = the minimal value; Max = the maximal value; Skew = skewness; Kurt = kurtosis; p1 = p value of Kolmogorov-Smirnov test; Diff = difference in means between men and women; p2 = p value of two-sample t-test; CL = cervical lordosis; TK = thoracic kyphosis; LL = lumbar lordosis. Spinal shape analysis in 1,020 healthy young adults points C3-CTJ, CTJ-TCJ, and TCJ-L5, respectively. The angular curvature of each section was calculated ( Figure 1 ). Additional information about the method was published by Krejci, Gallo, Stepanik, & Salinger (2012) . In the frontal plane the polynomial produced various number of inflexion points which split the spine into several sections. If no inflexion point was present the whole C3-L5 segment was considered as a one section. Each spine showed lateral deviation, though small. No spine was linear within the DTP-3 system accuracy, i.e. mediolateral positions of the spinous processes deviated from the line by more than 0.5 mm. For the purposes of this study, any small lateral deviation was processed, the limit of 10° was not applied. If there were more lateral arcs, the one with the largest deviation was selected for further processing. The position of the pelvis was described with the frontal pelvic tilt -angle between the line connecting posterior superior iliac spines and the horizontal line.
Statistical analysis
All data were checked for normality using a Kolmogorov-Smirnov test and are presented as ranges (min-max), means, standard deviations, skewness, and reliability of the spinal examination each subject was examined in a special fixation frame that efficiently reduced postural sways. The usage of the fixation frame did not affect the spinal variables in terms of the systematic error (Krejci, Gallo, Stepanik, & Salinger, 2012; Phiri, Krejčí, & Salinger, 2009) . Before using the DTP-3 system, the skin projections of the following anatomic points were palpated and marked -the posterior superior iliac spines and the spinous processes of the vertebrae C3-C7, T1-T12, and L1-L5. After positioning the subject in the fixation frame, the marked points were scanned by touching them with the sensor tip. Examination of the spinal shape was repeated three times and average shape was used for subsequent processing. DTP-3 software was used to evaluate the spinal shape. The basis of the algorithm was fitting a sixdegree polynomial to the measured spinous processes. In the sagittal plane the polynomial produced two inflexion points which were interpreted as a cervicothoracic junction (CTJ) and a thoracolumbar junction (TCJ). These junctions split the spine into three sections: cervical lordosis (CL), thoracic kyphosis (TK), and lumbar lordosis (LL) which were defined between Figure 1 . Definition of spinal shape variables in the sagittal plane -the right view (a) and the frontal plane -the back view (b). C3 = spinous process of the vertebra C3; CLC = cervical lordosis curvature; CTJ = cervicothoracic junction; FPT = frontal pelvic tilt; L5 = spinous process of the L5 vertebra; LLC = lumbar lordosis curvature; PSIS = posterior superior iliac spine; PL = pelvic line connecting the left and right PSIS; LD = lateral deviation; TKC = thoracic kyphosis curvature; TLJ = thoracolumbar junction. kurtosis. Sample differences between the sexes were identified with a two-sample t-test. The significance level was set at p < .05. All statistical analyses were performed using the MATLAB (Version 8.2; MathWorks, Natick, MA, USA) and STATISTICA (Version 12.0; StatSoft, Tulsa, OK, USA).
Results
As shown in Table 1 , no statistically significant difference of age between men and women was found. The age was not of normal distribution, which was the result of the age structure of students participating in our study. The differences in weight and height were significant.
The sagittal spinal shape with the average values (Tables 1, 2) for a man can be described as follows: C3 -12.9° -C7 -43.0° -T10 -27.1° -L5; and for a woman as follows: C3 -12.1° -C6 -44.5° -T11 -34.1° -L5. Please note that the boundary vertebrae (C3 and L5) were given by the DTP-3 measuring procedure. Cases that were the closest to the average shape of the spine are shown in Figure 2 . As shown in Table 1 , the probability distribution of CL curvature for women significantly differed from the normal distribution. Probability distribution of other variables could be considered as normal. Men showed greater CL curvature (not statistically significant), significantly smaller TK curvature and significantly smaller LL curvature than women. Thus, it can be noted that there were differences between the sexes and the most noticeable difference was manifested in LL.
Figure 2. Typical cases of sagittal spinal shape of a man (a) and a woman (b). Typical case was chosen as a shape of one subject whose spinal variables were closest to average values presented in Table 1 . IV = vertical line erected from the centre of the connecting line between the calcanei. The frontal spinal shape can be described as follows: average lateral deviation was 6.1° for both sexes, the difference between the sexes was not significant (Table 1) . 9.1% of men and 8.8% of women exceeded the deviation of 10° (Table 3) . 72.5% of men and 63.6% of women had left lateral deviation. Location of main lateral curve in men (women in parentheses) was as follows -thoracic-lumbar 36.4% (35.4%), cervicalthoracic 30.5% (33.6%), thoracic 28.6% (27.9%), and cervical-thoracic-lumbar 4.5% (3.1%). Probability distribution of lateral deviation significantly differed from the normal distribution. The distribution was shifted to the right side, which was documented by the positive value of the skewness (Table 1) . Table 3 shows the behaviour of statistics if the subgroup of lateral deviation values up to a predefined limit was selected from the entire set. It is obvious that for the limit of 9° the skewness was close to zero, thus the distribution for this subgroup was the most symmetrical. However, the distribution did not resemble normal distribution, which was documented by the negative value of the kurtosis (-0.82 or -0.80, whereas the normal distribution's value is 0). Table 3 shows that distribution for all subgroups significantly differed from the normal distribution. The closest to the normal distribution was the subset with the limit value of 10°, which was documented by the highest achieved p value of KolmogorovSmirnov test. Based on these considerations we set a threshold of 10° and we divided the probability distribution of entire group into two parts. The first part had a symmetrical distribution near a normal distribution. This part included participants with a tiny deviation in range from 0 to 10° and contained 90.9% of men and 91.2% of women. We regarded these participants as physiological because such deviations occurred frequently in healthy population. The second part was considered as a right tail of probability distribution of the entire group. This part included participants with a deviation above 10° and contained 9.1% of men and 8.8% of women. We regarded these participants as non-physiological.
Discussion
The data of the spinal shape were obtained empirically from the population sample. This, however, does not mean neither that such a shape is optimal for the given Note. CL = cut-off level (a group of samples with lateral deviation in range zero to CL is used for statistical calculation); RF = relative freqency of samples with lateral deviation above CL; Skew = skewness; Kurt = kurtosis; p = p value of Kolmogorov-Smirnov test.
population nor that it points to how the shape should be (Keller et al., 2005) .
Comparison between this study and other studies -sagittal plane The sagittal shape of the spine has been studied. The results for TK are summarized in Table 4 and results for LL are summarized in Table 5 . None of available studies analysed CL. The TK curvature values do not differ from the values obtained in this study by more than 5° (Jackson & Hales, 2000; Keller et al., 2005; Legaye et al., 1998; Vaz et al., 2002; Vialle et al., 2005) , which can be considered as insiginificant difference (Kotwicki, 2008) . Boulay et al. (2006) and Fon, Pitt, and Thies (1980) differ from this study by 10° or more. The above mentioned studies assessed TK using radiography and included normal adult subjects. Adolescent subjects were also assessed. Mac-Thiong et al. (2004) are in compliance with this study, whereas Vedantam, Lenke, Keeney, and Bridwell (1998) differed from this study. Non-radiographic methods were also used (Poussa et al., 2005; Widhe, 2001) , both studies give values of TK curvature by more than 5° below this study. It is not clear whether it may be caused only due to a different method of calculating the curvature. Debrunner kyphometer, Spinal pantograph and the DTP-3 system each uses their own original method for the calculation of spinal curvature and these different methods cannot be simply comparable (Patias et al., 2010) . The sagittal profile of scoliotic patients was assessed using radiography, Legaye et al. (1998) do not differ from this study, whereas Mac-Thiong, Labelle, Charlebois, Huot, and de Guise (2003) differ from this study by more than 20°. So, data about sagittal profile of scoliotic patients is not consistent. A question remains unanswered, whether scoliotic patients show significantly different sagittal profile from the healthy population. Here, we believe that the spine with scoliosis should be examined and assessed three-dimensionally (Perdriolle et al., 2001) .
The LL curvature values were assessed in healthy and scoliotic subjects using radiography (Boulay et al., 2006; Keller et al., 2005; Legaye et al., 1998; MacThiong et al., 2004; Mac-Thiong et al., 2003; Vaz et al., 2002; Vialle et al., 2005) . These studies differ from this Note. Studies are sorted by the year of publication. Diff = difference between the study and this study (this study revealed the value of 43.0° for men, the value 44.5° for women and we used the mean value of 43.75° for both sexes); Range = range of vertebrae considered as a thoracic kyphosis (Var means individual range for each subject); Age = values are shown in format Mean ± SD or Min-Max; RC = radiography and Cobb method; RH = radiography and Harrison tangent method; RM = radiography and a geometric model; K = Debrunner kyphometer (non-radiographic); P = Spinal pantograph (non-radiographic); H = healthy; S1 = scoliotic (Cobb angle 42.4 ± 25.3°); S2 = scoliotic (Cobb angle 15.1-101.5°).
study by more than 10° (Table 5) . None radiographic study is as close to this study as for the TK curvature. The mutual differences between the studies may be explained by a different age structure and different evaluation of the radiographic scan. Additionally, such a large difference between the above studies and this study could also result from the fact that the surface curve of end points of the spinous processes for LL does not copy the central line of vertebrae as well as for TK. Lumbar vertebrae are bigger than thoracic vertebra and in the LL area the soft tissues are thicker than in the TK area. Simultaneously, there is greater segmental curvature within one vertebra segment in LL than in TK, which impairs the transition of curvature of the internal structure to skin surface. Non-radiographic methods were used by Poussa et al. (2005) and Widhe (2001) . The findings of both studies are closer to this study in comparison with studies using radiography. As a result it seems, that related to TK this study is closer to studies using radiography and in case of LL this study is closer to studies using surface non-radiographic methods.
Comparison between this study and other studies -frontal plane The meta-analysis by Fong et al. (2010) covered 34 studies, which assessed the prevalence of scoliosis greater than 10° using Cobb's method. The prevalence ranged from 0.10% to 7.45% and the highest value is close to the value in this study. The meta-analysis by Grivas, Vasiliadis, Mouzakis, Mihas, and Koufopoulos (2006) covered 20 studies and worked with a hypothesis that prevalence of scoliosis depends on geographical latitude. The prevalence ranged from 0.93% to 12.0% and the highest value exceeds the value in this study. Kratěnová, Žejglicová, Malý, and Filipová (2007) and Nissien et al. (2000) published a prevalence of 10.44%, and 9.20%, respectively and the values are close to the results of this study. Therefore, the results of this study are in concordance with the results of other studies despite that the range of published prevalence seems to be relatively large. The reasons for such variability could lie in: 1) different age structure of the study groups -scoliosis is most often assessed and reported for child and adolescent populations; 2) the spinal deformity in adulthood may be the result of negative factors such as long lasting incorrect sitting habits (Kratěnová et al., 2007) or unilateral sports overload (Omey, Micheli, & Gerbino, 2000) ; 3) studies included in the meta-analyses most frequently assess idiopathic scoliosis -structural deformity with rotation of vertebrae, however, this study could cover the so-called lateral curves with a spine shifted in the frontal plane but without the rotation of vertebrae. According to our opinion the lateral deviation up to 10° should not be considered pathological scoliosis and we agree with (Kotwicki, 2008) .
Study limitations
The most important limitation could be the selection bias because the recruitment of subjects from the age, gender, culture, and sport-related population was not random. Another source of weakness could be associated with DTP-3 system that does not allow determining the rotation of vertebrae and thus it is not capable of differentiating between structural scoliosis and a lateral deviation.
Conclusions
This study provided statistical data of spine shape in a group of healthy young adults in age between 19 and 30 years. Such statistical analysis should be part and parcel of determining the cut-off level for physiological spinal shape. This study provided empirical basis for determining the deviation of 10° as maximal nonpathological lateral deviation. Discrepancies between studies larger than 5° occurred. It is still unclear that it can be explained solely by using a different method for spinal shape measurement. Standardization of spinal shape measurement needs more work.
